Abstract: The present work in on the successive ionic layer adsorption and reaction (SILAR) mediated synthesis and study of variations in electrochemical behavior of PPy-Cu(OH) 2 hybrid electrodes with dip time. In the aqueous route preparation, 0.1 m pyrrole, 0.1 m CuSO 4 dissolved in acidified water (using 0.5 m H 2 SO 4 ) and H 2 O 2 (30 wt %) were used as initial ingredient sources. The peaks observed in the X-Ray diffraction (XRD) pattern of the electrode at 2θ = 21.50 0 oriented along the <110> planes closely match with the peaks of Cu(OH) 2 as per JCPDS data card no. 42-0638 indicating the existence of triclinic Cu(OH) 2 in the hybrid. The characteristic peak at 1559 cm −1 in the Fourier transform infrared (FTIR) spectrum due to pyrrole ring vibrations confirms the existence of PPy in the hybrid. Energy-dispersive X-ray (EDX) analysis shows the occurrence of C, N, O and Cu in the electrode material which substantiates the formation of the hybrid. The scanning electron microscopy (SEM) images of electrodes with optimum dip time (20 s) in pyrrole show networks of interconnected nanostructures. The specific capacitance increases with the dip time in the source solutions. The electrode prepared with optimum dip time in pyrrole has produced the maximum values of specific capacitance (SC), specific energy (SE) and specific power (SP) as 127.04 F/g, 44.16 Wh/kg and 30 kW/kg, respectively, when analyzed in 0.5 m H 2 SO 4 . Impedance study of the electrode explains the mixed capacitive nature and the maximum values of solution resistance (R s ), charge transfer resistance (R ct ) and Warburg impedance (R w ) are 1.35 Ω, 143.4 Ω and 2.05 Ω, respectively.
Introduction
In this era of modernized science and technology, electrically conducting polymers (ECPs) are becoming an indivisible part of the advanced technological fields viz. artificial muscles and tissues (1) , biosensors, gas sensors (2) (3) (4) (5) , drug delivery systems, optoelectronics (6) (7) (8) , etc. Supercapacitors have been extensively studied (9) . Supercapacitors are of two types viz. (a) electric double layer capacitors (EDLCs) which store the charge electrostatically at the electrode electrolyte interface and (b) pseudocapacitors which store the charge electrochemically by means of redox reactions. In EDLCs, the energy is stored electrostatically while in pseudo-capacitors, either physisorption, intercalation-deintercalation, or redox reactions are responsible for the energy storage (10) (11) (12) . The hybrid capacitors are those which can store the charge electrostatically as well as electrochemically (13) . The ECPs are easy to produce, they have no constrains on the size, and have the charge storage throughout the bulk volume. The conductivity of ECPs is due to the shifting of conjugate bonds (14, 15) . ECPs like polyaniline (PAni) (16) , polythiophene (PTh) (17) , polyethylene dioxy thiophene (PEDOT) have been adopted as electrode material for supercapacitors in pure or composite forms. Polypyrrole (PPy) has features like ease of synthesis, low oxidation potential, water soluble monomer, high charge storage ability and good electrical conductivity due to conjugate double bonds allowing free movements of electrons. All these reasons make polypyrrole a strong contender for the supercapacitive electrode for energy and power applications (18) (19) (20) . Shinde et al. reported nanograin-like morphology in pristine PPy electrodes which possessed specific capacitance (SC) 329 F/g in 0.5 m H 2 SO 4 (19) . Shi and Zhitomirsky electrodeposited pristine PPy to exhibit similar kind of morphology for pure PPy synthesized by electrodeposition (20) . Researchers have been trying to prepare different composites of PPy (21) (22) (23) . The incorporation of CuO in PPy was attempted to improve the electrical conductivity and electrochemical performance stability. Some researchers have synthesized the CuO/ PPy 1D core shell nanocomposites as a anode for lithium ion batteries by the wire templet method showing the initial capacity 991 mAhg −1 (24) . The hydroxide phase and hydrous oxides of metal gives more specific capacitance than the oxide phase (25, 26) . To the best of our knowledge in the literature survey, we did not find any work related to the synthesis of PPy-Cu(OH) 2 by successive ionic layer adsorption and reaction (SILAR) and its electrochemical analysis. This led us to synthesize the PPy-Cu(OH) 2 composite electrodes by employing simultaneous oxidation of the precursors and to study the effect of dip time during synthesis on their electrochemical behavior.
Experimental

Materials
In the synthesis work, extra pure pyrrole and H 2 SO 4 (Sigma Aldrich, USA), as well as CuSO 4 and 30 wt % H 2 O 2 (SD fine chemicals, India) were used as source materials without any further purifications.
Electrode preparation
In the electrode preparation, stainless steel (SS) of 304 grade (size = 1 cm × 5 cm) was used as a conducting substrate material. Substrates were mirror polished using polish paper (grade 600) to get the rough finish. To allow the proper deposition of the electrode material by adsorption, the substrates were ultrasonicated for 20 min to remove the dirt, oil, stains, etc. from the surfaces of substrates.
The substrates were first immersed in 0.1 m pyrrole (Py) dissolved in 0. 5 2 . Thus the oxidative polymerization of pyrrole monomer and the formation of Cu(OH) 2 together forms the PPy-Cu(OH) 2 nanocomposite. Finally the substrates were pressure cleaned by the jets of double distilled water to remove loosely bounded, un-oxidized, partially oxidized radical ions from the electrode material in order to get a uniform coating of electrode material on the substrate surface. This completes one SILAR deposition cycle. Ninety such SILAR cycles were carried out each time. The dip time for the substrate in precursor solutions varied from 5 s to 20 s for precursor-1 bath and 5 s to 55 s for precursor-2. The electrodes/films deposited using CuSO 4 with dip times (in seconds) in the precursor-1 and the precursor-2 successively as (5, 55), (10, 50) , (15, 45) and (20, 40) for 90 SILAR cycles were denoted as S 1 , S 2 , S 3 and S 4 , respectively (Table 1 ).
Characterization
The structural characterizations of all uniformly deposited electrodes were taken by using X-ray diffraction (XRD) patterns given by an X-ray diffractometer (Ultima IV Rigaku D/max2550Vb + 18 kw with CuKα, λ = 1.54056 Å, Japan) in the range of diffraction angle (2θ) between 10° and 90° were analyzed to study the nature of formed material. Fourier transform infra red (FTIR) patterns given by a FTIR spectrophotometer (Nicolet iS 10, Thermo scientific, USA) were analyzed to verify the formation of polypyrrole. Scanning electron microscopy (SEM) and elemental dispersive spectroscopy (EDS) were carried out by using a scanning electron microscope (SEM-EDS S4300, HITACHI, Japan) to check the surface morphology and elemental composition. Weight of the deposited active material was measured by a weight difference method using a high accuracy analytical microbalance (Tapson-100TS, USA) which has a least count of 10 −5 g. Electrochemical characterization of the deposited electrodes were carried out using an electrochemical analyzer (CHI 408C, USA) with standard three electrodes cell in which along with a working electrode, platinum wire as a counter electrode and saturated Ag/ AgCl as a reference electrode were used. Cyclic voltammetric (CV) curves were used to calculate the capacitance (C) and specific capacitance (SC) using the equations 1 and 2 given in the text. Charge-discharge behaviors of the electrodes were also studied using chronopotentiometry (CP) at different current densities (0.2 mA cm −2 -1 mA cm −2 ). Different chronopotentiometric parameters were calculated using the formulae 3, 4, 5 and 6. The electrochemical impedance spectroscopy (EIS) was also carried out to find R s , R ct and R w .
Results and discussion
Film formation mechanism
In the acidic medium of bath 1, pyrrole loses one electron to form the polaron. Polarons come together and form a bipolaron, trimer, quinoid structure and finally polypyrrole chain. Two electrons lost during the formation of polarons are utilized by the H 2 O 2 to form two hydroxyl ions. Cu 2+ cations adsorbed on the substrate, combine with these hydroxyl ions to form the Cu(OH) 2 which goes into the polymer matrix as the film grows and forms the hybrid PPy-Cu(OH) 2 .
Structural elucidation
The XRD pattern of the electrode S 4 with optimum dip time in pyrrole solution shows ( Figure 1A ) a mostly amorphous nature with partial crystallinity. The peaks at 2θ = 21.50° are closely matching to those of anorthic (triclinic) Cu(OH) 2 oriented along <110> planes as per the JCPDS data card no. 42-0638. The amorphous region corresponds to the existence of PPy. The peaks marked by an asterisk are due to the stainless steel substrates.
The FTIR spectrophotographs of the electrode S 4 ( Figure 1B) show the peak at wavenumber 1559 cm −1 corresponding to C-C and C=C skeletal (ring) vibrations. The peak at 1658 cm −1 are due to C=C stretching. The peak at 1091 cm −1 is due to C-H deformation vibration whereas the peaks at 1140 cm -1 and 1354 cm −1 are due to the C-N stretching. The peak at 796 cm −1 is due to N-H wagging, while peaks at 2970 cm −1 and 3186 cm −1 are due to N-H stretching and vibrations. The peaks at 923 cm −1 and 1091 −1 corresponds to the C-H symmetric stretching and C-H deformation vibrations, respectively. The peak at 3307 cm −1 is due to =C-H stretching. The peak at 1421 cm The formation of the PPy-Cu(OH) 2 composite is further substantiated by the peaks corresponding to C, N, O and Cu in the EDS pattern of S 4 ( Figure 1D ).
Electrochemical characterization 3.3.1 Cyclic voltammetry
CV analysis of all the electrodes viz. S 1 , S 2 , S 3 and S 4 was carried out at 5 mV/s in 0.5 m H 2 SO 4 electrolyte in the potential window − 0.5 V to 0.7 V (Figure 2A ). It was observed that the current integral increases with an increase in the dip time in the pyrrole solution. The values of C and SC for different electrodes were calculated by using the following equations.
where I is the average current in the redox cycle, V potential window, dv/dt is the voltage scan rate, C is the capacitance, w is the mass of the active material dipped in the electrolyte. Electrode S 4 having a dip time 20 s in pyrrole shows a high value of SC, i.e. 127.04 F/g at 5 mVs −1 . The increase in the specific capacitance of an electrode with an increase in dip time in the pyrrole source is attributed to the increased concentration of PPy with the abundance of polarons and bipolarons connected to the matrix which increases the current by shifting of π bonded electrons. Table 1 gives variation in SC values with the dip times.
Cycling stability study
The electrode S 4 was tested for electrochemical stability. It was observed that the electrode exhibits 77% retention of SC after 1000 cycles of charge discharge. Figure 2B exhibits CV curves taken after gradually increasing the cycle numbers with the interval of 201 cycles. The decrease in SC values with an increase in cycle number may be due to the detachment of electrode material from the substrate surface. This improved stability as compared to the pristine PPy may be due to the new morphology formed by the composite than the pristine PPy (19).
Chronopotentiometry
The charge-discharge study of the S 4 electrode was carried within the potential window − 0.4 V to + 0.7 V in 0.5 m H 2 SO 4 ( Figure 2C ) at different current densities. Table 2 shows several chronopotentiometric parameters calculated using following equations where V is the voltage, I d and t d are the discharging current and time, w is the weight of active electrode, t c is the charging time. The charge-discharge curves show exponential charging but the discharging portion shows two parts.
Initially the ohmic drop which is very small as followed by the fast discharging indicating the existence of Faradaic charge storage (27) . The values of SE, SP and η for the electrode S 4 are 44.16 Wh/kg, 30 kW/kg and 124.31%, respectively.
EIS
To investigate the internal resistance of the material electrochemical impedance spectroscopy of the electrode S 4 was carried out in 0.5 m H 2 SO 4 in the frequency range of 1 mHz-100 kHz. The Nyquist plot ( Figure 2D) 
Conclusion
SILAR mediated synthesis of PPy-Cu(OH) 2 nano-composite thin film electrodes is possible using pyrrole and 
